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The oral route by ingestion of water and food contaminated with cyanotoxins is the 
main route of exposure to these toxins. This study addresses for the first time the 
bioaccessibility of some of the most common Microcystins (MC-LR, MC-RR and MC-
YR) and Cylindrospermopsin (CYN) simultaneously in raw and steamed mussels 
spiked at 250 ng/g fresh weight of each cyanotoxin, after an in vitro digestion, including 
the salivary (incubation with artificial saliva, 30s), gastric (with pepsin, 2h, pH 2), 
duodenal (with pancreatin and bile salts, 2h, pH 6.5) and colonic phases (with lactic-
acid bacteria, 48h, pH 7.2). The results obtained suggest that the potential absorption of 
these cyanotoxins by consumption of contaminated mussels is lower than expected. 
After the total effect of cooking and digestion, the mean bioaccessibility levels recorded 
were 24.65% (CYN), 31.51% (MC-RR), 17.51% (MC-YR) and 13.20% (MC-LR). 
Moreover, toxins were transferred to the steaming waters at 3.77±0.24 µg L-1 CYN, 
2.29±0.13 µg L-1 MC-LR, 6.60±0.25 µg L-1 MC-RR and 3.83±0.22 µg L-1 MC-YR. 
These bioaccessibility results should be considered for a more accurate risk assessment 
related to these cyanotoxins in mussels, including the fact that the steaming waters 
could also represent a risk after human consumption. 
 








The occurrence of cyanobacterial blooms has increased worldwide mainly due to 
anthropogenic activities, climate change and eutrophication (Buratti et al., 2017; 
Bormans et al., 2019). One of the problems generated by this growth is the production 
of cyanotoxins, considered as secondary metabolites (Carmichael, 1992) that cause a 
series of damages at environmental and economic levels, including human and animal 
health risks (Dodds et al., 2013; Codd et al., 2017). 
Microcystins (MCs) are a group of cyclic heptapeptides with a specific beta amino 
acid-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid (Adda) and 
two variable amino acids in positions 2 and 4, leading to more than 246 variants 
(Catherine et al., 2017), although the most commonly found in the environment are 
MC-LR, MC-RR and MC-YR (Svircev et al., 2017). They are potent inhibitors of 
protein phosphatases 1 and 2A, leading to diverse toxic effects in vitro (Pichardo et al., 
2007; Puerto et al., 2009) and in vivo, mainly in the liver, but also in the lung, nervous 
and reproductive systems (Díez-Quijada et al., 2019a). Cylindrospermopsin (CYN) is an 
emerging cyanotoxin (Pichardo et al., 2017), a hydrophilic alkaloid containing a 
tricyclic guanidine moiety linked to a hydroxymethyluracil group (Ohtani et al., 1992). 
It is known to induce inhibition of glutathione and protein synthesis (Terao et al., 1994), 
oxidative stress mainly in liver and kidney (Puerto et al., 2011; Guzmán-Guillén et al., 
2013), and potential neurotoxic, and progenotoxic effects (Guzmán-Guillén et al., 2015;  
Hercog et al., 2017; Puerto et al., 2018; Díez-Quijada et al., 2019b).  
Unlike MCs, which are mainly intracellular, the extracellular concentrations of CYN 
are much higher, due to its hydrophilic nature (van Apeldoorn et al., 2007). The main 
route of exposure to these toxins is by consumption of contaminated water, although it 
can also occur through the intake of food (fish, shellfish or vegetables) or cyanobacterial 
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food supplements contaminated with cyanotoxins (Buratti et al., 2017). In fact, several 
authors have reported accumulation of MCs (Vasconcelos, 1995; Vareli et al., 2012; 
Gibble et al., 2016; Baralla et al., 2017; Kim et al., 2017) and CYN (Anderson et al., 
2003; Saker et al., 2004) in mussels, resulting in potential human risks after their 
consumption (Ibelings and Chorus, 2007; Gutiérrez-Praena et al., 2013; Testai et al., 
2016). 
Based on the potential human health risks, a guideline value of 1 µg L-1 (in MC-LR 
equivalents) in drinking water was fixed by the World Health Organization for MCs 
(WHO, 1998). For CYN, due to its insufficient relevant toxicological data, only a 
proposed guideline of 1 µg L-1 has been adopted until now, and some countries set their 
own health advisories (Hoeger et al., 2005; Chorus, 2012). Besides, provisional 
tolerable daily intakes (TDI) of 0.04 and 0.03 µg/kg of body weight/day have been 
established for MCs and CYN, respectively (Sivonen and Jones, 1999; Humpage and 
Falconer, 2003). 
Risk assessment evaluations on human consumption of cyanotoxin-contaminated 
food have normally compared the toxin concentrations in raw organisms directly with 
their respective TDI, but the influence that processing and cooking of these organisms 
may have on the concentration of cyanotoxins should be taken into account, because 
most of them are not usually consumed raw (Freitas et al., 2014; Maisanaba et al., 
2017). In this sense, the amount ingested does not always coincide with the fraction of 
the contaminant that is released from the food matrix by digestive juices (known as 
bioaccessibility), that would lead to the amount available to be absorbed by the 
organism, since some metabolic processes might modify this fraction (Meca et al., 
2012; Bordin et al., 2017). Otherwise, there may be an over-estimation of exposure 
levels via consumption of these contaminated foods. 
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Bioaccessibility can be calculated for several contaminants or ingredients in 
different food matrices by simulating in vitro the physiological conditions occurring in 
vivo (Guerra et al., 2012; Ménard et al., 2018). These methods usually include the oral, 
gastric and duodenal phases, and sometimes also a colonic fermentation, evaluating the 
presence of digestive enzymes, salts, pH, and digestion time (Minekus et al., 2014). 
MCs stability in solutions has been evaluated after exposure to simulated gastric and 
intestinal conditions (Moreno et al., 2004; Smith et al., 2010). Focusing on food 
matrices, the bioaccessibility of lipophilic and hydrophilic marine toxins has been 
studied on seafood (including mollusks and pufferfish gonads) (Braga et al., 2016; 
Manita et al., 2017; Alves et al., 2019), and only the last two studies evaluated the effect 
of cooking processes on bioaccessibility. Concerning cyanotoxins, bioaccessibility 
assessment for MC-LR has been performed in clams (Freitas et al., 2014), and for CYN 
in mussels, fish and vegetables (Freitas et al., 2016; Maisanaba et al., 2017, 2018). 
However, the assessment of bioaccessibility in mussels did not include the colonic 
digestion; nonetheless a whole digestion should be simulated in order to investigate the 
passage through the entire human digestive tract and to obtain a more accurate human 
exposure scenario, following the EFSA (European Food Safety Authority) 
recommendations (Testai et al., 2016). Moreover, as far as we are concerned, there are 
currently no studies on the bioaccessibility of MCs and CYN together coexisting in a 
contaminated organism, which is an important aspect to consider, due to the existence 
of mixed blooms in nature (Minasyan et al., 2018). 
In view of these reports, the aim of the present study was to investigate for the first 
time the influence of an in vitro digestion model including salivary, gastric, duodenal 
and colonic phases, to elucidate MCs (MC-LR, MC-RR and MC-YR) and CYN 
bioaccessibility on raw and steamed mussels contaminated with a combination of these 
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toxins under laboratory conditions, by a multitoxin method using Ultra performance 
liquid chromatography - tandem mass spectrometry (UPLC-MS/MS). 
 
2. Materials and Methods 
2.1. Chemical and reagents 
 Three congeners of MCs (MC-LR, MC-RR and MC-YR) (99% purity) and CYN 
(95% purity) were purchased from Enzo Life Sciences (Lausen, Switzerland) and 
resuspended in 100% methanol (MeOH) (MC-LR and –YR), 80% MeOH (MC–RR) 
and Milli-Q water (resistivity < 18 MΩ.cm; Millipore, Bedford, MA, USA) (CYN). 
Dichloromethane (DCM), Methanol (MeOH), formic acid (FA) and sodium hydroxide 
(NaOH) were purchased from Merck (Darmstadt, Germany). The graphitized carbon 
cartridges BOND ELUT® (500 mg, 6 mL) and C18 Bakerbond® (500 mg, 6 mL) were 
purchased from Agilent Technologies (Amstelveen, The Netherlands) and Dicsa 
(Andalucia, Spain), respectively. For the in vitro digestion model: FA (HCOOH), 
potassium chloride (KCl), potassium thiocyanate (KSCN), sodium dihydrogen-
phosphate (NaH2PO4), sodium sulphate (Na2SO4), sodium chloride (NaCl), sodium 
bicarbonate (NaHCO3), urea, α-amylase, mucin, chloride acid (HCl), pepsin, pancreatin 
and bile salts were purchased from Sigma-Aldrich (St. Louis, MO, USA). Bacteria 
culture medium MRS was supplied by Oxoid (Madrid, España), and Microbiology 
Anaerocult® A, used to generate an oxygen-depleted and CO2-enriched atmosphere, by 
Merck (Darmstadt, Germany). For UPLC–MS/MS analyses, reagents were of LC–MS 
grade: water and acetonitrile were supplied by VWR International (Fontenay-sous-Bois, 
France) and FA by Fluka (Steinheim, Germany). 
2.2. Experimental Setup and Sample Treatment 
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 Commercial mussels were bought in a supermarket and transferred to the 
laboratory. In the present work, uncooked and cooked mussels were tested as different 
matrices (3 samples per matrix). First of all, mussels were washed and separated from 
their shells, homogenized and then 9 portions of the homogenate (1 g fresh weight -f.w.- 
each) were spiked with 500 µL of a multitoxin solution (MC-LR, MC-RR, MC-YR and 
CYN) containing 500 ng/mL of each toxin, in order to obtain 250 ng/g f.w. in the 
mussel. This concentration was selected taking into account those reported in the 
literature for MCs (Kim et al., 2017; Turner et al., 2018) and CYN (Saker et al., 2004) 
in bivalves. Then, 3 of these samples were cooked by steaming for 2 min, as described 
in Guzmán-Guillén et al. (2017), once the water began to boil (100ºC), and afterwards 
they were submitted to the in vitro digestion model to assess toxins bioaccessibility (see 
section 2.3). Other 3 samples were used as controls to know the corresponding 100% of 
toxins for the uncooked and undigested mussels and, finally, the other 3 samples were 
cooked by steaming for 2 min,, to know the effect of this cooking practice on the 
cyanotoxins in mussels. The mussel samples were left at room temperature for 30 min, 
frozen at -80ºC and lyophilized (Cryodos 80, model 204, Telstar, Tarrasa, Spain) before 
toxins extraction and purification (see section 2.4). The mean weight loss after 
lyophilization was approximately of 85%. Moreover, one non-spiked mussel was 
submitted to the vitro digestion process to obtain the matrix necessary for the calibration 
curves in each digestion phase. After steaming the mussels, the waters were collected 
and extracted for toxin determination. 
2.3. In vitro digestion model 
 The 3 cooked samples for digestion and the non-spiked mussel were submitted 
to an in vitro digestion model according to Maisanaba et al. (2017, 2018) (Figure 1). 
Hence, 2.5 g per sample were mixed with 1.5 mL of artificial saliva and 21 mL of water 
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into the plastic bag for digestion, then, these mixtures were homogenized by Stomacher 
IUL Instruments (Barcelona, Spain) for 30 s to simulate the human mastication process. 
Secondly, a pepsin solution was added and the pH was lowered to a value of 2 in order 
to activate the enzyme, then, water was added to reach 25 g and the mixture was 
incubated for 2h in an orbital shaker (37ºC, 250 rpm). Next, the pH was raised to 6.5 
and pancreatin and bile salts were added, leaving the mixture for another 2h in the 
orbital shaker (37ºC, 250 rpm). Finally, to simulate the anaerobic conditions in the 
colon, a selection of lactic-acid bacteria (LAB) was added to this duodenal intestinal 
fluid at 108 CFU/mL, and incubated for 48h at 37ºC in anaerobic conditions (5% 
CO2/95% air). The selected bacterial strains included some of the most predominant 
bacteria in the large intestine, namely Lactobacillus casei CECT 4180, Lb. casei 
rhamnosus CECT 278T, Lb. plantorum CECT 220, Lb. delbur sub bulgaricus CECT 
4005, Lb. salivarius CECT 4305, Lb. johnsonii CECT 289, Bifidobacterium breve 
CECT 4839T and B. bifidum CECT 870T. All of them were obtained from the Spanish 
Type Culture Collection (CECT, Valencia, Spain) in sterile 18% glycerol. After each 
digestion step, aliquots of each replicate sample were taken and centrifuged at 4000 
rpm, 4ºC, 10 min. The supernatants obtained were filtered by 0.22 µm filters previous to 




Figure 1. Procedure of the in vitro digestion model and composition of the digestion phases 
(salivary, gastric, duodenal and colonic). 
2.4. Microcystin and Cylindrospermopsin extraction 
 The 6 mussel samples previously lyophilized were extracted following the 
multitoxin method recently validated by Díez-Quijada et al. (2020, in press). For this, 
1 g f.w. was extracted with 90% MeOH (11.25 mL), sonicated and stirred for 15 min 
each step, centrifuged (3700 r.p.m., 15 min, 25ºC); the whole process was repeated once 
again. Then, the supernatants were pooled and concentrated in a rotary evaporator to 
reach 15% MeOH and, after pH adjustment to 11, the extracts were cleaned through a 
dual solid phase extraction (SPE) system consisting on a C18 cartridge (Bakerbond® 
500 mg, 6 mL; Dicsa, Andalucia, Spain) and a porous graphitic carbon cartridge 
(BOND ELUT®, 500 mg, 6 mL, Agilent Technologies, Amstelveen, The Netherlands), 
as described in the cited work. At the end, the extracts were evaporated to dryness and 
resuspended in 1 mL 20% MeOH. For toxins extraction from waters, the method 
described by Zervou et al. (2017) with some modifications was followed. Briefly, 50 
mL of water was mixed with 500 µL 100% MeOH, and the pH was risen to 11. Next, 




2.5. Toxin analysis by UPLC-MS/MS 
 Chromatographic separation was performed using a UPLC Acquity (Waters) 
coupled to a Xevo TQ-S micro (Waters, Milford, MA, USA) with a triple quadrupole 
mass spectrometer and an electrospray ion source operating in positive mode. The 
column was a 100 x 2.1 mm XSelect HSS T3 2.5 µm, working at a flow rate of 0.45 
mL/min, and with a binary gradient consisting of (A) water and (B) acetonitrile, both 
containing a 0.1% FA (v/v). The injection volume was 5 µL, and the elution profile 
was: 2% B (0.8 min), linear gradient to 70% B (6.2 min), 100% B (1min), and finally, 
2% B (2min). Multiple Reaction Monitoring (MRM) was applied, where the parent ions 
and fragments ions were monitored at Q1 and Q3, respectively. Capillarity voltage: 1 
Kv; source temperature: 500 ºC; source desolvation gas flow: 1000 L/h; and source 
cone gas flow: 50 L/h. 
 The transitions employed were: for MC-LR 996.5/135.0, 996.5/213.1 and 
996.5/996.5; for MC-RR 520.2/135.0 and 1039.5/135.0; for MC-YR 1046.5/135.0, 
1046.5/213.0 and 1046.5/1046.5; and for CYN 416.2/194.0 and 416.2/176.0. The first 
transitions were employed for quantification and the following for confirmation of each 
toxin. 
2.6. Statistical analysis  
 Results were analyzed with the statistical package INSTANT, GraphPad™, 
applying a one-way analysis of variance (ANOVA), representing mean ± standard 
deviation (SD) of samples per group. Differences in mean values between groups were 
assessed by the Tukey´s test and were considered statistically significant from p < 0.05 





3.1. Effects of cooking on contaminated mussels 
 The concentrations of the four toxins were determined in the cooked and 
undigested mussels, representing 73.01% (CYN), 79.19% (MC-LR), 69.72% (MC-RR) 
and 84.96% (MC-YR) of the total toxin concentrations in the uncooked controls, which 
represent 100% (250 ng/g f.w.) (Figure 2). It is important to keep in mind that the 
quantification method detects the free toxin, not the fraction bound to proteins. 
 
Figure 2. Effects of cooking on contaminated mussels compared to the uncooked control. The 
percentages reported are calculated considering the values detected in the cooked undigested 
mussels compared to that of the control (uncooked sample) (250 ng/g f.w.). *Statistical 
differences (p <0.001) compared to the control. 
3.2. Effects of digestion on contaminated mussels 
After digestion of cooked mussels, toxin concentrations contained in the 
salivary, gastric, duodenal and colonic fluids were determined and compared to the 
corresponding toxin concentrations detected in cooked and undigested mussels, in order 
to know the effect that the digestion process alone would have on the mussels destined 




























In the case of CYN, its concentration in the salivary fluid fell to 69.60%, so the 
losses due to the salivary phase were of 30.40% CYN compared to the cooked and 
undigested mussels. A similar value was detected in the gastric phase (69.71%), and in 
the subsequent digestion phases, CYN bioaccessibility decreased to 44.65% and 33.77% 
in the duodenal and colonic fluids, respectively. Statistical differences (p<0.001) were 
found in all phases compared to the cooked and undigested mussels, and in the duodenal 
and colonic phases compared to the salivary and gastric phases (Figure 3a). 
 
Figure 3. Bioaccessibility of CYN (a), MC-LR (b), MC-RR (c) and MC-YR (d) in cooked 
mussels compared to cooked and undigested mussels. SP: salivary phase; GP: gastric phase; 
DP: duodenal phase; CP: colonic phase. *Statistical differences (p<0.001) compared to cooked 
and undigested mussels; α statistical differences (p<0.001) compared to salivary phase; β 
statistical differences (p<0.001) compared to gastric phase. 
 MC-LR concentration in the salivary phase decreased to 32.03% compared to 
the cooked and undigested mussels, meaning a reduction of 67.97%. Following with the 
digestion process, these values continued to decrease to 24.65%, 15.35% and 16.67%, 
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in the gastric, duodenal and colonic phases, respectively. Statistical differences 
(p<0.001) were found in all phases compared to the cooked and undigested mussels; in 
the gastric, duodenal and colonic phases compared to the salivary phase; and in the 
duodenal and colonic phases compared to the gastric one (Figure 3b). 
 For MC-RR, cooked mussels showed bioaccessibility values of 50.86% in the 
salivary fluid, 43.20% in the gastric phase, 18.51% in the duodenal phase, and 45.20% 
in the colonic phase. Statistical differences (p<0.001) were found in all phases 
compared to the cooked and undigested mussels; and only in the duodenal phase 
compared to the salivary and gastric ones (Figure 3c). 
 Bioaccessibility values for MC-YR were similar in the four digestion phases, 
showing values of 28.31% (salivary phase), 19.94% (gastric phase), 23.06% (duodenal 
phase) and 20.61% (colonic phase), representing the lowest values compared to the 
other cyanotoxins. Statistical differences (p<0.001) were only found in all phases 
compared to the cooked and undigested mussels (Figure 3d). 
 Figure 4 represents the total effect of cooking plus the digestion process for the 
four cyanotoxins, comparing all of them. For that purpose, the bioaccessibility values of 
cooked mussels in each phase have been compared to the value obtained for the control 
(uncooked and undigested mussels). As it can be observed, the highest bioaccessibility 
levels were recorded for CYN, followed by MC-RR, MC-YR and, finally, MC-LR, 
which showed the lowest values in all digestion phases. Statistical differences (p<0.001) 
were observed for all MCs versus CYN, for MC-LR and –YR compared to –RR only in 




Figure 4 . Bioaccessibility of CYN, MC-LR, MC-RR and MC-YR in cooked mussels. SP: 
salivary phase; GP: gastric phase; DP: duodenal phase; CP: colonic phase. *Statistical 
differences (p<0.001) compared to CYN in the same digestion phase; #statistical differences 
(p<0.001) compared to MC-RR in the same digestion phase; αstatistical differences (p<0.001) 
compared to MC-YR in the same digestion phase. 
3.3. MCs and CYN concentrations in the boiling waters 
 Cyanotoxins were detected in the waters used for steaming the mussels, at the 
following concentrations: 3.77 ± 0.24 µg L-1 CYN; 2.29 ± 0.13 µg L-1 MC-LR; 6.60 ± 
0.25 µg L-1 MC-RR; 3.83 ± 0.22 µg L-1 MC-YR. 
 
4. Discussion  
Bioaccessibility is the amount of an ingested substance that is released from the 
matrix and solubilized into the water phase, becoming available for absorption in the 
systematic circulation through the digestive tract (Bordin et al., 2017). It is an important 
parameter to take into account in order to investigate a more realistic exposure to 
cyanotoxins in the frame of risk assessment (Meca et al., 2012), together with the effect 
of cooking processes, depending on the nature and the type of food (Domingo et al., 





































of chronic exposure to them, after ingestion of contaminated drinking water (Ibelings 
and Chorus, 2007). However, the fact that cyanotoxins are present in food does not 
mean that they could be absorbed, depending on various aspects, for example if the 
toxins are present on their free form or not. Indeed, food is submitted to processing 
and/or cooking before ingestion, and the heat may cause significant changes in the food 
matrix. In general, the effect of food processing on the bioaccessibility of compounds of 
interest depends on different aspects, such as the type of processing, the type of 
compound considered, the composition and structures of the matrix, and the potential 
presence of other components that may affect the absorption of the cited compound 
(Cilla et al., 2018). In fact, Alves et al. (2019) who studied the bioaccessibility of 
marine toxins in seafood, highlighted the importance of evaluating the effects of 
different culinary treatments, such as steaming, in other toxins groups. 
In comparison with other models like in vivo feeding methods, that use animals or 
humans as model, and generally offer the most precise results, in vitro models are 
simpler, and represent lower costs and less ethical issues (Lucas-Gonzalez et al., 2018). 
Hence, recent studies about the correlation between in vivo and in vitro data on food 
digestion concludes that although in vitro static models are oversimplified and do not 
reproduce all the dynamic aspects of the gastrointestinal tract (only the main conditions: 
pH, enzymes and salts concentrations), they are increasingly useful in predicting in vivo 
digestion in some cases and have numerous advantages (Bohn et al., 2017). Some 
studies on marine toxins have been carried out using in vitro static models (Braga et al., 
2016; Manita et al., 2017; Alves et al, 2019). The ideal in vitro digestion technique 
should provide precise results in a short time and help as an instrument for rapid 




This is the first work in which the bioaccessibility of MCs and CYN is investigated 
in mussels exposed simultaneously to both cyanotoxins with an in vitro dynamic 
digestion model from the salivary to the colonic phase. In fact, regarding cyanotoxins, 
the EFSA recommends the need to address the effects of food cooking and digestion on 
cyanotoxins, to know their bioaccessibility after an in vitro digestion model (Testai et 
al., 2016). 
Globally, a progressive decrease in the bioaccessibility of the four toxins has been 
observed from the initial salivary phase to the final colonic step. Taking into account the 
whole process, which implies cooking and digestion, the bioaccessibility of cyanotoxins 
in mussels decreased in the following order: CYN > MC-RR > MC-YR > MC-LR. 
These results indicate that higher bioaccessibility values were obtained for the more 
hydrophilic cyanotoxins (CYN and MC-RR), and lower bioaccessibility values for the 
more lipophilic ones (MC-LR and MC-YR), in agreement with Alves et al. (2019), who 
reported the same trend for hydrophilic and lipophilic marine toxins. 
Moreover, in the present work, toxins have been transferred from the mussels to the 
water used for steaming, in agreement with Freitas et al. (2016); in fact, heat process 
causes loss of water to the food matrix and, consequently, loss of water soluble 
compounds and/or some modifications in hydrophobic compounds too. Soaking and 
cooking of legumes could drain off the minerals, such as Fe and Zn, decreasing their 
bioaccessibility, probably because of mineral lost in the water (Sebastiá et al., 2001; 
Pereira et al., 2016). In the present study, regarding the effects of bioaccessibility in 
cooked mussels, the decrease observed in toxin bioaccessibility seems to be due to the 
combined effects of cooking and digestion, but mainly to the digestion process, not to 
the cooking itself. The main components of the food matrix in mussels are proteins and 
some fatty acids. Alves et al. (2019) suggested that thermal denaturation of proteins in 
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mussel tissues could explain the low bioaccessibility values obtained for the marine 
toxins azaspiracids (AZAs) in steamed mussels. Several authors have studied the effects 
of these matrix components on the bioaccessibility of bioactive compounds. For 
example, chlorogenic acid associated with milk caseins rather than with β-lactoglobulin, 
being this complex relatively stable in simulated gastric and intestinal phases, or 
flavonoids double bounded with the proteins present in the milk chocolate, decreasing 
their bioaccessibility and consequently their absorption (Lucas-González et al., 2018). 
 Regarding our results by comparing the effect of each digestive phase for 
individual cyanotoxins, MC-LR is the most sensitive to be reduced in cooked mussels, 
showing the lowest value at the end of the digestion process, and with significant 
differences from the gastric phase. The higher susceptibility of MCs in comparison to 
CYN may be due to their peptide structure, making them more sensitive to the pH 
conditions and enzymes (Moreno et al., 2004). 
A survey performed about the in vitro digestion models applied to different type 
of foods revealed that the most common ones tested were vegetables (26%), dairy foods 
(23%), bakery foods (17%), meat products (13%), marine foods (12%) and eggs (7%) 
(Lucas-González et al., 2018). Certainly, there is a need to study cyanotoxins 
bioaccessibility on marine organisms, as they share the same habitat than cyanotoxins-
producing cyanobacteria. Previously, bioaccessibility of both MCs and CYN has been 
studied separately by other authors in mollusks (Freitas et al., 2014, 2016), fish 
(Maisanaba et al., 2017) and vegetables (Maisanaba et al., 2018), showing different 
degrees of affectation. Among them, up to date, the only two works carried out in 
mollusks were focused in isolated cyanotoxins, such as MC-LR in clams (Freitas et al., 
2014), and CYN in mussels (Freitas et al., 2016), but they did not take into account the 
colonic fermentation. So, this is the first study investigating the bioaccessibility of the 
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four cyanotoxins simultaneously in mussels by a complete digestion model, from mouth 
to colon. The application of gastric conditions to clams resulted in increased MC-LR 
bioaccessibility (Freitas et al., 2014), in contrast with our results for all MCs congeners, 
which showed diminished bioaccessibility values in this phase. Similarly, the 
concentrations of the three MC congeners (MC-LR, -RR and –YR) in water samples 
were decreased by pepsin and the lower pH of the stomach (Moreno et al., 2004). 
Regarding the duodenal phase, MC-LR bioaccessibility in mussels was reduced to 83% 
after proteolytic digestion by pancreatic enzymes (Freitas et al., 2014), although higher 
decreases were obtained in this work, showing a bioaccessibility value of 15.35% in this 
phase for the same cyanotoxin, if we only take into account the effect of digestion; and 
a similar value of 12.15% if cooking effects are also added. Pancreatin contains several 
enzymes (amylase, ribonuclease, lipase and trypsin) which could be involved in the 
hydrolysis of peptide bonds (Calatayud et al., 2012). Nevertheless, other authors 
suggested the stability of MCs congeners to intestinal enzymes, lowering its 
bioaccessibility only in 1-14% (Moreno et al., 2004) or causing no affectation after 6h 
of incubation. Our results obtained for the more lipophilic cyanotoxins (MC-LR and –
YR) in steamed mussels were lower than those obtained for AZAs in steamed mussels 
(around 45%) (Alves et al., 2019), but agree with those obtained for the same lipophilic 
marine toxin in steamed mussels (around 10%) (Kilcoyne et al., 2014). 
In previous studies carried out with marine toxins and with MCs where in vitro 
digestion is implicated, the colonic step is not taken into account, because in vivo food 
digestion and absorption of compounds mainly take place in the small intestine (Freitas 
et al., 2014; Braga et al., 2016; Freitas et al., 2016; Manita et al., 2017; Alves et al., 
2019). Nevertheless, bacteria fermentation could be implicated in decreasing or 
increasing bioaccessibility, since several studies have reported that bacteria can free the 
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molecules from the food matrix (Lucas-Gonzalez et al., 2018). In this sense, fiber-
entrapped polyphenols were poorly extractable and hardly soluble in gastrointestinal 
fluids, but the action of bacteria enzymes dramatically increased the antioxidant 
potential of the food residues in the lower gastrointestinal tract (Lucas-Gonzalez et al., 
2018). Mercury was reduced from soluble fractions in solutions of this metal from 
mushrooms by application of LAB (Jadán-Piedra et al., 2017). Concerning cyanotoxins, 
Manubolu et al. (2014) suggested that the rumen microbial flora could protect ruminants 
from cyanotoxin intoxications due to the observed decrease in MC-LR, -RR and –YR 
and nodularin after incubation with rumen fluid for 3h. This finding suggested the need 
to include the bacteria fermentation in the in vitro digestion model and the 
harmonization of the different methods as Minekus et al. (2014) proposed with a 
consensus protocol, within the COST FA 1005 Action INFOGEST Network, based on 
human physiological conditions. The present work is the first one evaluating the effect 
of colonic conditions on MCs in exposed mussels. In this sense, it seems that LAB were 
not the main responsible for the highest decreases in MCs bioaccessibility in the present 
study, as their lowest values were shown in phases previous to the colonic one, 
especially for MC-LR and MC-YR, where the most drastic decrease is shown in the 
salivary phase, compared to MC-RR. 
Moreover, in this work, in contrast to MCs, CYN showed to be more stable 
under the influence of the digestion process, as the bioaccessibility values are higher 
than those obtained for MCs for all digestion phases. When only the effect of digestion 
is taken into account, the lowest values for CYN were shown in the duodenal and 
colonic phases, with statistical differences compared to the previous ones. However, 
when the whole process of cooking and digestion is considered, minimum changes have 
been observed among salivary, gastric and duodenal phases in cooked mussels, despite 
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the different pH conditions suffered through the gastrointestinal tract, in agreement with 
Maisanaba et al. (2017, 2018) for CYN in fish and vegetables. This behavior was also 
reported by Alves et al. (2017, 2019) who observed higher bioaccessibility values for 
hydrophilic marine toxins compared to the lipophilic ones, being the first ones more 
easily transferred to the bioaccessible digestion fluids along the digestion process. In 
fact, those authors reported low values for tetrodotoxin after the duodenal phase, 
reaching values of around 20% (Alves et al., 2019), similar to the 25% we obtained in 
CYN values after the whole digestion process. 
Adamski et al. (2016) reported the stability of CYN at 40ºC at several pH values 
including acidic conditions. The decrease begins to be significant in the duodenal phase 
compared to the salivary and gastric phases, with a bioaccessibility of 44.65%, similarly 
to the behavior of CYN in this phase obtained in fish muscle (Maisanaba et al., 2017). 
This lower CYN bioaccessibility from the duodenal intestinal phase could be explained 
by the adsorption of CYN in food. Our results also agree with those reported by Freitas 
et al. (2016) for CYN in steamed mussels, showing a sequential decrease on its 
bioaccessibility from the mouth to the small intestine. In the present work, there were 
no statistical differences on the effects on CYN bioaccessibility among the colonic and 
duodenal phases, in contrast to previous results obtained in other matrices (fish, 
vegetables) where the most drastic decreases were shown by the action of LAB 
(Maisanaba et al., 2017, 2018). Other authors have described a binding and degradation 
of some plant alkaloids by digestion enzymes similar to those employed in the present 
work, for example fungal α-amylase and bovine α-chymotrypsin (Zsila et al., 2011; 
Tintu et al., 2012). As CYN is an alkaloid, it is possible that these enzymes are able to 
degrade CYN too. CYN bioaccessibility decreases in the present work after cooking and 
digestion to a minimum of 24.65% in the colonic phase, similarly to the lowest value of 
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12.50% observed in steamed fish (Maisanaba et al., 2017), and the resemblance shown 
between mussels and fish matrices mainly due to the high protein content, may explain 
the similar value. 
The results obtained contribute to a better understanding of the behavior of these 
cyanotoxins in mussels, by application of an in vitro digestion model, representing a 
useful tool for a more accurate risk assessment in humans exposed to cyanotoxin-
contaminated mussels. Further studies would be useful to elucidate if the decrease 
observed in cyanotoxins bioaccessibility could result in the formation of decomposition 
products of the toxins. 
5. Conclusions 
 In summary, this work evaluates for the first time the role of the digestion 
process on contents of MCs and CYN in raw and cooked mussels. At the concentration 
tested, the sequential pass through the digestive tract (including the four steps: salivary, 
gastric, duodenal and colonic) may be effective in the reduction of bioaccessibility in 
mussels. Globally, taking into account the total effect of cooking and digestion, MCs 
seems to be more sensitive than CYN in the presence of digestive juices, reaching 
bioaccessibility values around 22%. These bioaccessibility results suggest that previous 
data on cyanotoxins exposure could be over-estimated, if the total processes of cooking 
and digestion are not taken into account. Moreover, toxins have been transferred from 
the mussels to the water used for steaming, with values in the range 2.29-6.60 µg L-1. 
Therefore, this fact should be also considered for a more realistic risk assessment of 
cyanotoxins exposure through consumption of contaminated mussels. 
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Figure 1. Procedure of the in vitro digestion model and composition of the digestion 
phases (salivary, gastric, duodenal and colonic). 
Figure 2. Effects of cooking on contaminated mussels compared to the uncooked 
control. The percentages reported are calculated considering the values detected in the 
cooked undigested mussels compared to that of the control (uncooked sample) (250 
ng/g f.w.). *Statistical differences (p <0.001) compared to the control. 
Figure 3. Bioaccessibility of CYN (a), MC-LR (b), MC-RR (c) and MC-YR (d) in 
cooked mussels compared to cooked and undigested mussels. SP: salivary phase; GP: 
gastric phase; DP: duodenal phase; CP: colonic phase. *Statistical differences (p<0.001) 
compared to cooked and undigested mussels; α statistical differences (p<0.001) 
compared to salivary phase; β statistical differences (p<0.001) compared to gastric 
phase. 
Figure 4. Bioaccessibility of CYN, MC-LR, MC-RR and MC-YR in cooked mussels. 
SP: salivary phase; GP: gastric phase; DP: duodenal phase; CP: colonic phase. 
*Statistical differences (p<0.001) compared to CYN in the same digestion phase; 
#statistical differences (p<0.001) compared to MC-RR in the same digestion phase; 




Table S1. Toxins concentrations (CYN, MC-LR, MC-RR and MC-YR) detected in control mussels (uncooked), in cooked and undigested 
mussels and in cooked and digested mussels. SP: salivary phase; GP: gastric phase; DP: duodenal phase; CP: colonic phase. 
 Control mussels 
(uncooked) (ng/g f.w.) 
Cooked and undigested mussels 
(ng/g f.w.) (mean ± SD) 
Cooked and digested mussels (ng/g f.w.) (mean ± SD) 
 
 SP GP DP CP 
CYN 250  182.52 ± 11.15 127.03 ± 6.93   127.23 ± 12.08   81.50 ± 24.05  61.63 ± 11.78 
MC-LR 250 197.99 ± 3.35   63.41 ± 5.20   48.81 ± 4.66 30.38 ± 2.36 33.01 ± 0.77 
MC-RR 250 174.29 ± 3.10   88.65 ± 5.18   75.29 ± 5.30 32.26 ± 6.93 78.77 ± 3.77 
MC-YR 250 212.41 ± 5.20   60.14 ± 7.99   42.35 ± 6.08 49.00 ± 3.77 43.77 ± 5.02 
 
 
